In this work we report the detection of seven Neptune Trojans (NTs) in the Pan-STARRS 1 (PS1) survey. Five of these are new discoveries, consisting of four L4
INTRODUCTION
The best known Trojans are the asteroids in a co-orbital 1:1 mean motion resonance with Jupiter.
Those in stable libration around the Lagrange point 60
• ahead of Jupiter are called L4 Trojans, known Jovian Trojans with sizes 10 km. Yoshida & Nakamura (2005) estimated that the total number of 1 km sized Jovian Trojan could be as many as 600,000. After Jupiter, Neptune has the second largest population of Trojans. Prior to this study, nine L4 Neptune Trojans (or NTs) and three L5 NTs had been discovered (Alexandersen et al. 2014; Gerdes et al. 2016; Parker et al. 2013; Sheppard & Trujillo 2006 , 2010a Elliot et al. 2005 ). Nesvorný & Dones (2002) examined the orbital evolution and long-term stability of Trojans of Saturn, Uranus, and Neptune, under the current planetary configuration. They found that unlike the cases of Saturn and Uranus, where their Trojans could be removed on relatively short time scales, the primordial population of NTs can survive to the present time after their formation. Subsequently, the first Neptune Trojan, 2001 QR 322 at L4, was found in the Deep Ecliptic Survey (Elliot et al. 2005 ).
Based on the low inclination (∼ 1.3 • ) of 2001 QR 322 with a size of ∼100 km, Chiang & Lithwick (2005) proposed that large (∼100 km sized) NTs might be primordial objects formed in-situ by accretion in a thin disk. This means that NTs should generally have i 10
• . Following the discovery of three more NTs, one of which has a high inclination (see Table 1 with a list of the known NTs and those detected in this study), Sheppard & Trujillo (2006) suggested that a thick cloud of high-inclination NTs which could be of capture origin, should exist with a 4:1 ratio over the low-inclination population.
In the context of the Nice model Tsiganis et al. 2005) , Morbidelli et al. (2005) investigated the chaotic capture of small bodies at the two Lagrangian points of Jupiter during the planetary migration phase. Following a similar approach, Nesvorný & Vokrouhlický (2009) produced a model calculation of the capture process of NTs. Although the inclinations of the objects captured from the thin solar nebula disc could be later increased by dynamical processes, the numerical results could not account for the 4:1 high-i to low-i NTs ratio indicated by the observations of Sheppard & Trujillo (2006) . This discrepancy might be worsened if the orbits of the planetes-imals before chaotic capture were excited by the gravitational scattering effect of a population of Pluto-sized objects according to these authors. Parker (2015) applied a statistical method to debias the observed distributions of orbital inclinations, eccentricities and libration amplitudes of NTs. His treatment confirmed the existence of the thick cloud population with σ i > 11 • . Here, σ i is the inclination width of the Brown's distribution Brown (2001) :
From a numerical study of the resonant capture effect via planetary orbital migration, Parker (2015) showed that low-inclination objects can be captured into high-inclination NTs, but the conversion efficiency is too low to account for the presence of the high-inclination population. On the other hand, if the original planetesimals were characterized by high-inclination orbits, their NT-counterparts captured into 1:1 resonance with Neptune could preserve their high inclinations, and hence cause the formation of a thick NT cloud. Chen et al. (2016) provided an alternative mechanism to effectively form the high-inclination NTs.
They investigated how planetary migration affects the orbital elements distribution of NTs, and found that if orbital eccentricities and inclinations of Neptune and Uranus were damping during planetary migration, the secular resonances with Neptune will increase the probability of trapping the test particles into high inclination NT orbits. Moreover, most of primordial NTs, especially the high inclination ones, were unstable and lost in the damping case. From these results, their concluded that the current existent NTs can be explained by the capture origin, particular the trapping scenario with orbital damping of Neptune and Uranus during planet migration.
The first Neptune Trojan at L5, 2008 LC 18 , was discovered by Sheppard & Trujillo (2010a) . One more was found by Parker et al. (2013) . According to Sheppard & Trujillo (2006) and Parker (2015) , PS1 Neptune Trojans 5 the difference in the numbers of known NTs in the L4 and L5 points, respectively, could be an observational bias caused by the fact that the L5 point of the NTs is currently in the vicinity of the Galactic center, making it difficult to clearly identify slowly moving foreground objects.
Due to the small number of known NTs, it has been difficult to reconstruct their size distribution and to estimate their total number. Chiang & Lithwick (2005) and Sheppard & Trujillo (2006) suggested that the number of large (size > 65 km) NTs should exceed that of the Jovian Trojans by more than a factor of ten. Alexandersen et al. (2014) Sheppard & Trujillo (2010b) derived that the cumulative luminosity function of m R < 23.5 mag follows a steep power law of index α ∼ 0.8 ± 0.2:
In other words the size frequency distribution of the bright NTs at size a > 100 km have a power-law index ∼ 5 ± 1:
For reference, Jovian Trojan population, cold population and hot population of TNOs have α ∼ 1.0, 1.5 and 0.87, respectively (Fraser et al. 2014) . It clearly shows that the luminosity function of NT population has power law index, α, similar to the Jovian Trojans and hot population of TNOs. This result is obvious interpretation from the fact that they all have the same size frequency distribution.
The long-term orbital stability of NTs has been studied by Nesvorný & Dones (2002) , Dvorak et al. (2007) and Zhou et al. (2009 Zhou et al. ( , 2011 who showed that NTs can be stable for over 4 Gyr even with orbital inclinations ∼ 30
• . However, the stable region is restricted in eccentricity (e 0.1). The orbital stability of individual known NTs has been investigated by Brasser et al. (2004) , Guan et al. 6 Lin et al.
(2012), Marzari et al. (2003) , Horner & Lykawka (2010) , , and Lykawka et al. (2009) . In general, they can be classified into three different dynamical regimes:
1. Objects temporarily captured into unstable orbits: these kind of NTs are located completely outside the stable region and have a dynamical lifetime as short as 1 Myr Guan et al. 2012 ).
2. Objects in marginally stable orbits: these NTs are found near the edge of the stable region or in the proximity of the secular resonances with a dynamical life time of about 100 Myr (Horner & Lykawka 2010; Lykawka et al. 2011; Zhou et al. 2011 ).
3. Stable objects: they are located deep inside the stable region with a dynamical life time as long as the age of the Solar System and could be of primordial origin.
Our current knowledge of the NTs is based on the discoveries by several different surveys (Alexandersen et al. 2014; Elliot et al. 2005; Gerdes et al. 2016; Parker et al. 2013; Sheppard & Trujillo 2010a .
Without a comprehensive full-sky survey to cover most of the Trojan clouds, it is difficult to estimate the total number, the size distribution, the orbital distribution and the L4/L5 asymmetry of Neptune Trojans. In comparison, the PS1 project covering the whole Northern Hemisphere to a limiting magnitude of r P1 ∼ 22 presents an ideal opportunity to search for NTs with significant reduction in the latitudinal and longitudinal biases. In this paper, we report the detections of seven NTs by PS1, five of which are new discoveries.
This paper is organized as follows. Section 2 will introduce the PS1 survey and the Outer Solar
System pipeline for searching of distant moving objects. In Section 3, we describe how to select, confirm the Trojan candidates and report the discoveries. In Section 4, we calculate the orbital and physical properties of the NTs. In Section 5, we describe how to perform the inclination debiasing of PS1 Neptune Trojans 7 PS1 survey and investigate the intrinsic inclination distribution of stable L4 NTs. In Section 6, we roughly estimate the luminosity function of stable L4 NTs. In Section 7, we discuss the ratio of highand low-inclination populations of NTs, and the possible asymmetry of L4 and L5 distributions. A summary is given in Section 8.
PAN-STARRS 1 SURVEY AND THE OUTER SOLAR SYSTEM PIPELINE
The PS1 Survey began in May 2010 and ended in May 2014. With a 1.8-m Ritchey-Chretien reflector located on Haleakala, Maui, and a 1.4 gigapixel camera covering 7 square degrees on the sky, the PS1 telescope was able to observe the whole visible sky within a week, searching for all kinds of astrophysical transients and Solar System moving objects.
The PS1 observations were taken using five different survey modes (Kaiser et al. 2010 ):
1. The 3π Steradians Survey using PS1 photometric system (Tonry et al. 2012) , g P1 (bandpass ∼ 400-550 nm), r P1 (∼ 550-700 nm), i P1 (∼ 690-820 nm), z P1 (∼ 820-920 nm) and y P1 (∼ 920-1100 nm), which is similar but not identical to the SDSS/Sloan system with the addition of y P1 .
2. The Solar System Survey which is optimized for Near-Earth asteroids and other Solar System objects by covering the whole ±10
• and part of ±20
• areas of the ecliptic plane with the w P1 -band filter (400-820 nm) which is equivalent to g P1 + r P1 + i P1 .
3. The Medium Deep Survey covering 10 selected fields and nightly observations with long exposures (113 sec for g P1 and r P1 , 240sec for i P1 , z P1 and y P1 ) in each passband.
4. Stellar Transit Survey.
5. Deep Survey of M31 (Lee et al. 2012 ).
The w P1 -band Solar System Survey has contributed most to the discoveries of Solar System minor bodies due to its optimized cadence for searching moving objects and deeper limiting magnitude of 8 Lin et al.
22
.5, which is about one magnitude more than the 3π survey. To demonstrate the sky coverage of PS1, we separate the entire sky into 360 (R.A.) x 180 (Dec.) pixels, and each pixel is 1 square degree.
Then we register the location of each pointing from the 3pi and Solar System Survey and assign it to a pixel location. We filled the eight pixels surrounding the center pixel, but then scale by a factor of 7/9, because of the 7 square degree Field-of-View of PS1.
The approximate sky coverage of the 3π and solar system survey from 2010 to 2014 is illustrated in Figure 1 . The concentration of the PS1 solar system survey within ±10
• and part of the area between
±10
• and ±15
• of the ecliptic plane are clearly shown. The PS1 data products will be released to the public in 2017.
The PS1 Outer Solar System Pipeline will be described fully in forthcoming papers by Holman et. al. (2016, in prep) and Payne & Holman (2016, in prep.) . We used the PS1 Outer Solar System Pipeline to process the data and search for slow-moving Solar System objects. The PS1
Outer Solar System Pipeline uses a distance-based approach for identifying and linking point source detections. It begins with the source detection catalogs of direct images produced by the PS1 Image Processing Pipeline (IPP), rather than difference images. We avoid using difference-image source catalogs because slow moving objects are either eliminated, or their SNRs are significantly reduced, due to the short time interval (15 min) between two consecutive exposures. In the next step, the pipeline develops a catalog of stationary objects for elimination in each exposure.
After the removal of the stationary sources, the pipeline will identify "tracklets", i.e., sequences of source detections in the same night that are consistent with linear motion in the constant rate. The pipeline evaluates the tracklets of moving objects by the goodness of fit, using estimated astrometric uncertainties. Finally, the pipeline links the tracklets over intervals ranging from a few nights to multiple years, allowing a full fit to be performed to characterize the orbital parameters. 
IDENTIFICATION AND CONFIRMATION OF TROJAN CANDIDATES AND THE

DISCOVERIES
In the selection of NT candidates, objects with semi-major axes between 29.7 to 30.3 AU and e < 0.3 were chosen from the outer Solar System pipeline. They must have at least four "tracklets", and two of the four must have three detections or more. Therefore, at least ten detections spread over four different nights, and the total observational arc-lengths must be longer than one year will reach our minimal criteria. For example, the rediscovery of known NT, 2011 QR 322 , was just passing our minimal criteria; it has a pair detections in Oct, 2012, two triplet detections separated in different nights of Oct., 2013, and has the other pair of detections in Nov., 2013.
Because of the long observational arc-lengths, all candidates have fairly well determined orbital elements. One thousand clones of each candidate were generated from the orbit fitting covariance matrix generated by the orbfit code of Bernstein & Khushalani (2000) . From the 1,000 clones we select the following three to be numerically integrated for 10Myr: the best-fit, the smallest semimajor axis and the largest semi-major axis. If any of the three clones exhibits dynamical coupling with Neptune with the resonant argument, φ 1:1 , ∼ 60
• or 300
• , they will be classified as a candidate NT. Note that the resonance argument, Lulin Observatory 1m and Lijiang 2.4m telescopes of the Yunnan Astronomical Observatory. We used the astrometric data from these confirming observations to improve the orbital solutions. The same numerical procedure described above for the Trojan candidate identification was repeated.
We identified seven NTs, with most of the detections being contributed by the PS1 Solar System Survey. Figure 2 shows their spatial distribution, and the corresponding discovery/rediscovery latitude and longitude in ecliptic coordinates can be found in Table 1 located at L5 and the other four at L4. The detailed observation log can be found in the Minor Planet Center database. has a relatively large eccentricity (e ∼ 0.12), indicating the possibility of long term orbital instability. To understand the orbital properties and resonant behaviors of these Trojan candidates, we produced 1,000 clones for each Trojan candidate covering the error ellipse of its orbital elements. That is, the initial orbital elements of each clone were generated from a multivariate normal distribution with the six dimensional covariance matrix provided by the observation fitting routine, i.e., the Orbfit code of Bernstein & Khushalani (2000) . Forward integration was performed for each clone over a time interval of 1 Gyr using the Mercury 6.2 N-body code of Chambers (1999) . As heliocentric PS1 Neptune Trojans 13 orbital elements are used as the standard input to Mercury 6.2, the orbfit code has been modified to generate heliocentric orbital elements and the corresponding covariance matrix. (Guan et al. 2012; ). This suggests that 2013 KY 18 is likely to be a temporarily captured Trojan. Figure 3 shows the variations in resonant argument, b ± of mean a, e, i are the half-peak RMS.
ORBITAL AND PHYSICAL PROPERTIES
c ± of Libration amplitude and Libration period were calculated from the standard deviations from 1000 clones.
INCLINATION DISTRIBUTION OF STABLE L4 NTS
From the dynamical stability test described in section 4, six of the seven NTs have Half-life time longer than 0.5 Gyr. That is, they belong to the stable population. Figure 4 shows the cumulative inclination distribution of those six objects. Two things are noticeable: (1) the presence of a bi-modal inclination distribution without stable L4 TNs with inclinations between 10 to 18 degree. (2) The NTs detected by PS1 display a rather low inclination distribution.
Parker (2015) In our PS1 survey, we have detected only one stable L4 Trojan with inclination greater than 20
• and observed a rather low inclination distribution of NTs. To compare our observational result with the intrinsic inclination distribution estimated in Parker (2015), we would have to debias the PS1 survey data. However, the complicated PS1 survey cadence and camera structure make a detailed study difficult at the present moment. In the following, a simplified procedure is used to estimate the survey bias in inclination space.
The point of the inclination debiasing is to estimate what fraction of objects can be found in the circular, the sky coverage and number of exposures are the key factors. Therefore, our approximate PS1 detection efficiency function was assumed to be a function of the number of total exposures in a given survey region; survey regions with more exposures will have higher detection rates. Thus, the PS1 survey has the highest detection rate within ±10
• of the ecliptic plane and a lower detection rate in the region between 10
• to 15
• and −10
• to −15
• above and below, respectively. To proceed, we first assume that the limiting magnitude is 22.5, and indeed all of the Neptune Trojans were detected around the limiting magnitude. Second, the detectability of m=22.5 is assumed to be 50%, and the filling factor is 70%. For a NT, we will therefore have a 35% chance to detect it. Third, we must detect a NT for at least 10 times before claiming that we have found it. This assumption is based on the simplify version of our detection criteria in section 3. Hence, The PS1 detection efficiency function can be approximated as the total sum of probability mass functions of binomial distribution:
Here, n is the total number of exposures in a specific survey region, and i is the minimal number of detections required for finding an object in our detecting pipeline. The result will be, for example, if a survey region has 20, 30 and 40 exposures, the detection efficiency will be ∼ 0.12, 0.64 and 0.94, respectively. Using this detection efficiency function along with the approximated sky coverage map of the PS1 Solar System Survey (see Figure 1) , we would be able to compute the whole sky detectability of NTs in 1 square degree resolution.
Having estimated the PS1 detection efficiency function, we can use the survey simulator from the Outer Solar System Origins Survey (OSSOS) (Bannister et al. 2015; Kavelaars et al. 2009 ) in combination with the NT population model given in Parker (2015) , in which the intrinsic inclination (i) distribution is equivalent to a truncated Brown's distribution,
, the intrinsic libration amplitude (L 11 ) distribution is a truncated Rayleigh distribution,
and finally the intrinsic eccentricity distribution also follows a truncated Rayleigh distribution,
)(e/σ e ) 2 )de, e < e t 0, e ≥ e t . Here i t , L 11t and e t are the truncation points of the inclination, libration amplitude and eccentricity distributions, respectively.
To investigate the correlation between σ i and the detection efficiency function during the survey simulations, we first ran the simulator with two different detection efficiency function, (1) our brightness independent PS1 detection efficiency function, and (2) a double hyperbolic tangents brightness dependent detection efficiency function (Petit et al. 2006) :
Here, A, R c , ∆ 1 and ∆ 2 are the filling factor (or maximal efficiency), roll-over magnitude (50% of the maximal efficiency), and widths of the two components, respectively. In this simulation, we set A = 0.9, R c = 22.5, ∆ 1 and ∆ 2 are 0.01 and 0.15, respectively. We also made the similar procedure but with different σ L 11 and σ e . The parameters of each simulation are shown in table 3, and the results of the simulated biased inclination distributions were shown in Figure 5 .
The results clearly shows that changing σ L 11 , σ e or using different detection efficiency function do not affect the simulated biased inclination distributions. Therefore, to test the intrinsic inclination distribution, we set the σ i from 5
• to 21
• with the 1 degree steps, and fixed the σ L 11 , σ L 11t , σ e and σ et , respectively, to be 10
• , 0.044 and 0.12 as suggested by Parker (2015) in our simulations. To compare the simulation results with our observation, we computed the ratio of the high-i (i > 18 • ) to low-i ratio (i < 10 • ) NTs from the simulation results, and estimated the probability to generate the high-i/low-i ratio equal to 1/5 that was obtained from the PS1 survey. The criterion of the low-and high-i follows the from fact that currently there are no known NT within the 10 to 18 degree inclination range. The results are shown in Figure 6 . The shaded areas show the 68% confidence (1 sigma) and and 95% confidence (2 sigma) intervals. The cases of σ i > 27
• and σ i < 7 would be rejected at 2 sigma level, and the most likely value is σ i ∼ 11 • .
LUMINOSITY FUNCTION OF STABLE L4 NTS
Our approximate PS1 detection efficiency is a function of total number of exposures in a specific survey region. For the NTs we found in the PS1 survey, the detection probabilities can be estimated from their detected coordinates. The detection probabilities of six L4 NTs are listed in Table 4 .
We divided the L4 NT population into two bins, H < 7.5 and H > 7.5, and the density in each bin is the sum of the 1/prob. of every objects in that bin, which is 2 and 7.18, respectively. The approximate slope, α, is log 10 ((7.18/2) /∆H)) ∼ 0.86, where ∆H is the H difference between two bins. This results shows that our rough debiasing produces an slope consistent with the values from Sheppard & Trujillo (2010b) and Fraser et al. (2014) . Parker (2015) suggested that if the stable NT cloud follows an inclination distribution similar to that of the Jovian Trojan population, the corresponding inclination width must be greater than 11 • .
Our result, which is based on six stable L4 NTs, is roughly consistent with his finding. Note that our most likely value of σ i ∼ 11
• is the minimal acceptable value in Parker (2015) . Therefore, our present result might be indicative of a lower inclination distribution.
It is worth noting that a high and wide NT inclination distribution with σ i ∼ 20
• is unlikely to result from capture from a dynamically cold disk without orbital damping during planet migration.
However, the scenario is possible if the actual NT inclination distribution has σ i only around 10
• (Nesvorný & Vokrouhlický 2009; Parker 2015; Chen et al. 2016) .
One other fact that should be taken into consideration is that the PS1 survey can only detect larger it might also explain the inconsistent measurements of the high/low inclination ratio.
Parker (2015) and Chen et al. (2016) simulated the captured NTs after planet migration and found that there is no difference between the numbers of captured L4 and L5 Trojans. The PS1 survey
should not have any bias to detect high eccentricity objects in L4 the region. However, we did not detect any unstable L4 NTs with high eccentricity. In the near future, as the L5 region moves away from the Galactic center, we will be able to test the possible asymmetry between the L4 and L5
populations. The ongoing PS1 + PS2 survey would be able to cover more than ±20
• above and below the ecliptic plane, and will be very useful in deriving a less-biased inclination distribution of
NTs. In addition, the future LSST survey will detect many more NTs, allowing a more nuanced understanding of their distribution to be gained.
SUMMARY
We report the detection of seven Neptune Trojans in the PS1 Outer Solar System Survey. Five of these are new discoveries and consist of one L5 Trojan and four L4 Trojans. Our numerical integrations show that the new L5 Trojan can be stable for only 3.2 Myr, and suggest that it is a temporarily captured object. The four new L4 Trojans can remain stable for over 1 Gyr and could be members of a primordial population. Only one stable L4 Trojan with inclination higher than 20
• was detected by the PS1 survey. Our survey simulation results show that if the L4 NT cloud follows an inclination distribution similar to that of the Jovian Trojan population, at > 95% confidence, it
should have an inclination width, σ i , between 7
• and 27
• . We suggest that the most likely value of σ i is 11
• , which corresponds to the minimal accepted value of σ i from Parker (2015) . Compared to previous surveys that discovered other known NTs, PS1 can only detect relatively large (H 8) objects. Thus, the possible inconsistency between Parker (2015) and our result could be a hint of a
